Objective: Thyroid peroxidase (TPO) deficiency is one of the causes of thyroid dyshormonogenesis, because TPO plays a key role in thyroid hormone biosynthesis. To determine the frequency and pattern of TPO abnormalities, we have been screening TPO genes of patients with congenital goitrous hypothyroidism. Subjects and methods: TPO genes of a patient with congenital goitrous hypothyroidism and her parents were directly sequenced, and two novel missense mutations (R665W and G771R) were found. The former was derived from her father and the latter from her mother. R665 and G771 were well conserved in the peroxidase superfamily. When mRNAs containing each of the mutations were transfected into CHO-K1 cells, each cell showed faint TPO enzyme activity. However, immunofluorescence and immunoelectron microscopic analyses revealed that neither of the mutated TPOs reached the plasma membrane. Conclusions: Two novel missense mutations in the TPO gene were found. TPO proteins encoded by these mutated alleles showed abnormal cellular localization; namely, localization on the plasma membrane was disturbed. The loss of plasma membrane localization in mutated TPOs brought about the iodide organification defect, which was diagnosed as congenital hypothyroidism.
Introduction
Thyroid peroxidase (TPO) is a key enzyme in the biosynthesis of thyroid hormone. TPO located on the apical membrane surface of thyroid follicular cells mainly catalyzes the iodination of tyrosine residues and the coupling of iodotyrosines on thyroglobulin, to form thyroxine (T 4 ) and 3,3 0 ,5-tri-iodothyronine (T 3 ) (1, 2). Human TPO was also identified as a major microsomal antigen recognized by autoantibodies frequently found in autoimmune thyroid diseases (3 -5) . The human TPO gene is located on chromosome 2p25 and spans at least 150 kbp, containing 17 exons (6, 7). Fulllength human TPO mRNA consists of 3048 bases and encodes 933 amino acids (8) .
Most cases of congenital hypothyroidism are due to thyroid dysgenesis, with about 15 -20% caused by defective thyroid hormone synthesis (9) . The most prevalent cause of congenital defects in thyroid hormone synthesis is believed to be TPO deficiency (10) . Mutations in the TPO gene described up to now have been classified as frameshift mutations (11 -18) , missense mutations (13, 15 -17, 19) , mutations affecting splicing (13, 17, 20) , nonsense mutations (17, 21) , and gene deletion (22) .
In this study, we found two novel missense mutations of the TPO gene in a patient with congenital goitrous hypothyroidism. TPO from these compound heterozygous mutations could not migrate to the plasma membrane, causing an iodide organification defect.
Subject and methods

Patient
The patient was born after a 41-week gestation, in 1996. Her body weight at birth was 4550 g, and height was 51 cm. There were no abnormal findings. The thyrotropin (TSH) mass screening test carried out 5 days after birth showed 83.7 mU/l (normal range, 0.34-3.5 mU/l). Therefore, 3 days later serum hormone levels were precisely measured, and the following values were recorded: TSH, 832.0 mU/l; free T 4 , 1.9 pmol/l (normal range, 11.6 -23.2 pmol/l); free T 3 , 1.2 pmol/l (normal range, 3.8 -6.5 pmol/l). Under a diagnosis of congenital hypothyroidism, thyroid hormone replacement therapy was immediately initiated. This replacement therapy was continued until now, and serum hormone levels have been maintained at the desired level. Ultrasound examination carried out 10 days after the patient's birth showed an enlarged thyroid gland with a maximal transverse diameter of 39 mm (normal range, 19 -23 mm), and the position of the gland was normal. A molecular genetic study was conducted when the patient was 4 years old. Informed consent for these examinations was obtained from the parents. Although the perchlorate discharge test should be performed to recognize iodide organification defects, it could not be done because of her parents' disagreement.
DNA isolation and polymerase chain reaction (PCR)
Genomic DNA was isolated from peripheral white blood cells, using GenTLE (Takara Bio, Otsu, Japan). A reaction mixture (20 ml) for PCR containing 1 £ PCR Gold buffer (Applied Biosystems Japan, Tokyo, Japan), 0.5 U AmpliTaq Gold (Applied Biosystems Japan), and 200 ng genomic DNA was prepared. The PCR reaction was performed in a Takara PCR Thermal Cycler MP (Takara Bio) at 95 8C for 10 min, and then for 35 cycles, each consisting of denaturing at 94 8C for 20 s, annealing at 55 8C for 20 s, and extension at 72 8C for 1 min. Primer sets used for PCR amplification have been described previously (22) . The PCR product was directly sequenced using a BigDye Terminator Cycle Sequencing FS Ready Reaction Kit (Applied Biosystems Japan) and an ABI PRISM Genetic Analyzer 310 (Applied Biosystems Japan) according to the manufacturer's instructions.
Introduction of C2083T and G2401A mutations to TPO cDNA Using wild-type human (h) TPO-1 cDNA (8) as a template, three PCR products were amplified with the following primer sets: set A, 5 0 -CCT GAC AAC ATC GAT GTC TG (F1975) and 5 0 -AGT CAC CAT CCC ACA GAG CCT TCA T-3 0 (R2083T); set B, 5 0 -ATG AAG GCT CTG TGG GAT GGT GAC T-3 0 (F2083T) and 5 0 -CTT GGA GCT CAT ACC CGT GC-3 0 (R2416); set C, F1975 and 5 0 -CTT GGA GCT CAT ACC TGT GC-3 0 (R2401A). PCR products amplified with set A and set B contained the C2083T mutation. As a 25-nucleotide sequence of the 3 0 -end of the set A product and 5 0 -end of the set B product was the same, the F1975/R2416 fragment was produced by 10 cycles of PCR amplification without primers, each consisting of denaturation at 94 8C for 20 s, annealing at 55 8C for 20 s, and extension at 72 8C for 30 s. The fragment was further amplified by PCR reactions using F1975 and R2416 primers for 25 cycles, each consisting of denaturation at 94 8C for 20 s, annealing at 55 8C for 20 s, and extension at 72 8C for 1 min. The PCR products were digested with ClaI and SacI and inserted into the same restriction enzyme sites of hTPO-1/pUC9. To construct a plasmid containing the G2401A mutation, the set C PCR product cut with ClaI and SacI was ligated at the same sites of hTPO-1/pUC9. Introduction of the C2083T and G2401A mutations was confirmed by sequencing.
Preparation of mRNA and transfection
C2083T-or G2401A-mutated and hTPO-1 cDNAs cut out from the vectors at the sites of EcoRI were bluntended and then ligated to the SmaI site of the pSFV-1 vectors (Gibco BRL, Rockville, MD, USA). The direction of the inserted cDNAs was confirmed by restriction enzyme sites. The pSFV-1 vectors containing mutated and wild-type hTPO-1 cDNAs were linearized with SpeI. RNA synthesis was performed using the mMESSAGE mMACHINE kit (Ambion, Inc., Austin, TX, USA) according to the manufacturer's instructions. CHO-K1 cells were maintained in 10% FBS-aMEM (Gibco BRL) supplemented with kanamycin (200 mg/l). Seven million cells and 30 mg mRNA were mixed in a 4-mm cuvette and electroshocked (260 V, 1500 microfarads, 0.48 ms). Thereafter, the cells were plated in a 10-cm dish and cultured for 24 or 34 h in the presence of 1 mg/ml hematin. Cells detached with mild trypsin treatment were washed three times with cold phosphate-buffered saline (PBS) and suspended in a cold sucrose solution (10 mmol/l K 2 HPO 4 , pH 7.4, and 0.86% sucrose) at 1 £ 10 7 cells/ml. After brief sonication, a microsomal fraction was prepared and dissolved in 20 mmol/l Tris buffer (pH 7.5). SDS-polyacrylamide gel electrophoresis (PAGE), Western blot analysis, and guaiacol oxidation assay were performed as previously described (16) .
Peroxidase activity staining and indirect immunofluorescence study
The cells detached with mild trypsin treatment were washed twice with cold 50 mmol/l Tris-buffered saline (TBS). To detect peroxidase activity, the cell suspension ð2 £ 10 6 =mlÞ was mixed with an equal volume of TBS containing 0.8% 3,3 0 -diaminobenzidine (DAB) and 0.008% H 2 O 2 and incubated for 10 min at 25 8C (23, 24) . Immunostaining was performed as previously described (16) .
For immunofluorescence, 3 £ 10 4 viable CHO-K1 cells/500 ml 10% FBS-aMEM were introduced into a well of an 8-well glass slide (Nalge Nunc International, Naperville, IL, USA) after electroporation and incubation at 37 8C for 24 h in a CO 2 -incubator. The well was washed with prewarmed PBS and cells were fixed with 4% paraformaldehyde/0.1 mol/l phosphatebuffered saline for 30 min at room temperature. After three washings with PBS, the cells were incubated with 50 ml primary antibody to human TPO (20 mg/ml rabbit IgG) at 37 8C for 30 min (5). Fifty microliters swine anti-rabbit IgG antibody labeled with fluorescein isothiocyanate (FITC) (DACO Japan, Kyoto, Japan) diluted appropriately were introduced into the well after three washings with PBS and incubated at 37 8C for 30 min. After three washings with PBS, the slide was mounted with 50% glycerol-PBS. For cytoplasmic staining, the cells fixed with 4% paraformaldehyde were further treated with 0.1% Triton X-100/0.1 mol/l phosphate-buffered saline and incubated with the primary antibody. The mounted slide was observed with a confocal laser-scanning microscope (TCD4, Leica, Heidelberg, Germany).
Immunoelectron microscopy of TPO CHO-K1 cells on an 8-chamber slide were washed twice with PBS and fixed with 4% paraformaldehyde/0.1 mol/l phosphate-buffered saline for 2 h. The fixed cells were rinsed several times with PBS and pretreated with 10% normal horse serum (Gibco BRL) in 1% bovine serum albumin/0.1% saponin/PBS (BSA-saponin) for 30 min. The pretreated specimens were incubated with anti-human TPO antibody rabbit IgG (10 mg/ml) in BSA-saponin at 4 8C overnight, and washed 4 times with 0.1% BSA/0.1% saponin/PBS. The primary antibody bound to the cells was labeled with horseradish peroxidase (HRP) by incubation with HRP-conjugated donkey F(ab') 2 anti-rabbit IgG (1:2000, Jackson Laboratory, Bar Harbor, ME, USA) in BSAsaponin for 2 h. Using our routine method (25) , the HRP-labeled sites were visualized by electron microscopy.
Results
Two missense mutations in the patient's TPO gene
The TPO gene, including the promoter region, was directly sequenced using genomic DNA purified from peripheral blood white blood cells. As shown in Table 1 , the patient exhibited two novel mutations, one of which was C2083T (exon 11) and the other G2401A (exon 13). The former was found in her father's DNA as heterozygous and the latter was detected in DNA from her mother, also as heterozygous. The two mutations led to amino acid substitutions: C2083T to R665W and G2401A to G771R. In 19 normal subjects, 12 single nucleotide polymorphisms (SNPs) excluding position 2 95 were reported, although 13 SNPs were sequenced. However, the nucleotide substitutions at 2083 and 2401 found in the patient were not detected in the normal subjects. To examine the importance of R665 and G771 for the human TPO protein, neighboring amino acids were compared in the peroxidase superfamily (Fig. 1) . R665 was well conserved in the peroxidase superfamily. G771 was also conserved in 4 species of TPOs. Further hydrophilicity/hydrophobicity plot analyses of these mutations by Hopp and Woods' algorithm (26) showed remarkable changes in two regions. R665W changed a hydrophilic region into a neutral one, while G771R changed a weakly hydrophilic region to a strongly hydrophilic one (data not shown). 
The nucleotide sequence of TPO is according to Kimura et al. (6) . Alleic frequencies of the TPO gene are based on direct sequencing of genomic DNA from 19 normal subjects.
Functional analyses of mutated TPO
To analyze the functions of mutated TPOs, mRNAs containing C2083T or G2401A were transfected into CHO-K1 cells. At first, whole cell lysates prepared from cells transfected with either pSFV-1, wild-type, C2083T-containing or G2401A-containing mRNA were examined by Western blot to determine mutated TPO protein expression. As shown in Fig. 2 , mRNAs containing C2083T or G2401A expressed a 107 kDa TPO protein as well as the wild-type mRNA. Nevertheless, the intensity of bands of C2083T-or G2401A-containing mRNAs was faint when compared with that of wild-type mRNA. To examine the TPO protein amount expressed after mRNA transfection, CHO-K1 cells were immunologically stained at 24 and 34 h after mRNA transfection. At 24 h after transfection, TPO-positive cells were not different in percentage terms among the three transfections. However, at 34 h after transfection, the numbers of TPO-positive cells in both the C2083T-and G2401A-mRNA transfections had greatly decreased (Table 2) . Thereafter, CHO-K1 cells transfected with mRNAs were fractionated into membrane and supernatant fractions to examine the membrane-bound and enzyme activity of mutated TPO proteins. Western blot analysis showed that both the R665W-and G771R-TPO proteins were detected in the membrane fraction as well as was wild-type TPO protein (data not shown). The guaiacol oxidation assay to measure TPO activity (16) showed 3.0 mU/mg protein in the membrane fraction of cells transfected with wild-type mRNA, but activity was not detectable in the membrane and supernatant fractions prepared from cells transfected with mutated mRNAs. Although membrane fractions prepared from cells transfected with mutated mRNAs did not show TPO activity in the guaiacol oxidation assay, it was suspected that the amount of protein expressed in mutated mRNA transfections was insufficient to detect TPO activity by the guaiacol oxidation assay. Therefore, we introduced activity staining using DAB as a substrate. We found that CHO-K1 cells transfected with C2083T-or G2401A-mRNA showed weak oxidation activity, although it was much less than that of CHO-K1 cells transfected with wild-type mRNA (Fig. 3) . To examine the localization of TPO expression, immunofluorescence studies were carried out using a confocal laserscanning microscope. In permeabilized condition, cells transfected with wild-type mRNA exhibited fluorescence on the plasma membrane as well as in intracellular structures like the nuclear envelope and the endoplasmic reticulum (ER) (Fig. 4b and j) . On the other hand, cells transfected with C2083T-or G2401A-mRNA showed fluorescence only in the intracellular structures (Fig. 4c, k, d, and l) . Membrane fluorescence studies using non-permeabilized cells confirmed the above results (Fig. 4f, n, g, o, h, and p) . To ascertain loss of plasma membrane surface localization for the mutated TPOs, immunoelectron microscopy was performed. In cells transfected with wild-type mRNA, dense deposits were observed on the plasma membrane, the ER and the nuclear envelope (Fig. 5a) . However, cells transfected with either C2083T-or G2401A-mRNA lacked plasma membrane deposits (Fig. 5b and  c) . These studies on TPO localization revealed that the mutated TPO was not located on the plasma membrane surface.
Discussion
The present patient was suspected of having a congenital thyroid dyshormonogenesis because of severe hypothyroidism and goiter found immediately after birth. To differentiate thyroid dyshormonogenesis, it is necessary to test for iodide uptake of the thyroid gland and to perform a perchlorate discharge test. However, these tests were not done, because her parents did not agree to the use of radioisotopes. Since congenital goitrous hypothyroidism is thought to be due to TPO deficiency to some extent (10), the TPO gene of the patient was screened. Her TPO gene was found to contain two mutations, C2083T (exon 11) and G2401A (exon 13). These nucleotide substitutions did not correspond to any mutations or polymorphisms reported previously. Sequencing of her parents' DNA showed that C2083T was derived from her father and G2401A from her mother.
C2083T and G2401A resulted in R665W and G771R respectively. R665 is well conserved in not only other species' TPOs but also in myeloperoxidase (MPO) and salivary peroxidase (SPO)/lactoperoxidase (LPO). On the other hand, G771 is also well conserved in TPOs from other species. Considering that R665 and G771 are highly conserved amino acids, it was suggested that these amino acids were important for the TPO structure or its function. TPO molecular abnormalities can cause the following situations (2): (i) TPO cannot bind heme; (ii) TPO cannot bind thyroglobulin or iodide as substrates; (iii) TPO has an abnormal cellular localization. In the present case, abnormal cellular localization was suspected as a cause of congenital hypothyroidism, since TPO activity could still be observed faintly.
TPO is a type-I membrane enzyme that has a transmembrane domain at its C-terminal region. Iodination of tyrosine residues and coupling of iodotyrosines on thyroglobulin are essential for thyroid hormone synthesis and are catalyzed by TPO mainly on the apical membrane surface of the thyrocytes (1, 2, 27, 28). Immunofluorescence and immunoelectron microscopic studies of cells expressing the mutated TPOs showed that the mutated TPOs were not expressed on the plasma membrane. Since this observation meant that the mutated TPOs could not be found at this major site of thyroid hormone synthesis, the present case was finally diagnosed as congenital hypothyroidism due to abnormal cellular localization of mutated TPOs.
As the present mutated TPOs still have their transmembrane and cytoplasmic domains intact, it was assumed that their membrane binding was not disturbed. Niccoli and co-workers have reported that TPO-2 produced by alternative splicing is rapidly degraded in the ER owing to its improper folding and that TPO-2 is not transported onto the plasma membrane despite an intact transmembrane domain (29) . In the case of thymic epithelial cells of TAP (transporter associated with antigen presentation)-deficient mice, the smooth ER compartment represents the site where misfolded proteins are eventually degraded (30) . This and other recent work (31) have demonstrated that transport-incompetent ER proteins destined for degradation are translocated across the ER membrane to the cytosol. Once exposed to the cytosol they are deglycosylated, released from the ER membrane, polyubiquinated and delivered to proteosomes for degradation. MedeirosNeto et al. (32) have reported a thyroid ER storage disease due to deficient thyroglobulin. Nevertheless, we could not determine whether or not mutated TPOs were accumulated in the ER of the thyrocytes, because the patient's thyroid tissue could not be investigated. The present mutated TPOs were found in the ER, but not on the plasma membrane in immunofluorescence and immunoelectron microscopic studies of the mRNA-transfected cells. In Western blot and immunostaining analyses, the amounts of mutated TPO proteins were remarkably less than that of wild-type protein, although the same amounts of mutated and wild-type mRNAs were transfected. This difference could be explained by improper folding of the mutated TPO proteins, not denying a different translational efficiency between wild-type and mutated mRNAs. Thus, the improper folding of mutated TPOs may promote their degradation as well as disturb their transport onto the plasma membrane.
We conclude that the main reason for congenital hypothyroidism was due to the loss of plasma membrane localization of mutated TPOs. Figure 5 Immunoelectron micrographs of CHO-K1 cells expressing wild-type TPO-1, and the mutated TPOs. Wild-type TPO-1 is located on the plasma membrane (large arrowhead), ER (arrow), and nuclear envelope (small arrowhead) (a). No immunoreaction on the plasma membrane is observed in the CHO-K1 cells translating R665W-TPO (b) and G771R-TPO (c). Bar: 1 mm.
